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The	 mosque	 as	 an	 important	 building	 type	 of	 Muslim	
architecture	 has	 evolved	 to	 meet	 Islamic	 needs.	 	 A	 variety	
of	 different	 worship	 activities	 happen	 within	 these	 multi-
functional	 public	 spaces;	 these	 different	 uses	 have	 different	
acoustical	 requirements.	 	 As	 in	 many	 other	 religions,	
worshippers	 sometimes	 need	 solitude	 while	 at	 other	
times	 they	 want	 to	 feel	 in	 absolute	 unity	 with	 the	 others	
present.	 	 Acoustics	 are	 one	 of	 the	 basic	 means	 of	 creating	
different	 effects	 (Karabiber,	 1999).	 	 Although	 mosques	 are	
uniquely	 important	buildings	 in	 every	Muslim	community,	
their	 acoustical	 quality	 has	 not	 received	 adequate	 attention	
especially	in	recent	examples.
The	 architect	 Sinan’s	 mosques	 have	 been	 studied	 in	 a	
European	 Commission	 Fifth	 Framework	 INCO-MED	




project,	 completed	 in	 2003,	 studied	 the	 acoustics	 of	 old	




and	 restoration	 projects,	 should	 be	 upgraded	 to	 cover	
acoustical	as	well	as	visual	aspects	for	spaces	having	acoustic	
importance	(CAHRISMA,	2007;	Karabiber,	2000).	
Studies	 have	 compared	 the	 acoustical	 quality	 of	 various	
spaces.	 	 One	 study	 by	 Fausti,	 Pompoli	 and	 Prodi	 (2003)	
compared	the	acoustics	of	mosques	and	churches.		They	found	
that	reverberation	time,	in	the	unoccupied	condition,	is	very	
long,	 giving	 them	 a	 unique	 feeling	 of	 majesty.	 	 In	 another	





Sinan’s	 important	 mosques	 have	 been	 analyzed	 in	 other	
studies	 besides	 the	 CAHRISMA	 project	 (Kayili,	 2002;	
Topaktas,	2003).		Kayili	(2000)	argued	that	the	acoustic	systems	
Sinan	applied,	especially	using	Helmholtz	(cavity)	resonators	
technology,	 are	 among	 the	 most	 successful	 applications	 of	
acoustic	 science.	 	 It	 is	believed	 that	 this	 application	became	
a	tradition	 in	Ottoman	mosques.	 	However,	 it	has	not	been	
possible	to	investigate	the	state	of	resonators	in	every	mosque	
dome	as	such	an	opportunity	only	occurs	during	restoration	








where	 a	 long	 reverberation	 time	 was	 measured,	 especially	











in	 mosque	 acoustics	 and	 architecture.	 	 	 The	 main	 difference	













on	 its	 own	 or	 within	 the	 Friday	 noon	 prayers.	 	 The	 third	 is	
listening	to	or	reciting	some	verses	from	the	Holy	Quran.		All	














speech	 audibility,	 intelligibility	 and	 spaciousness	 of	 sound;	
the	 parameters	 usually	 employed	 in	 the	 acoustical	 analysis	
of	 mosques	 are	 reverberation	 time,	 sound	 pressure	 level	
distribution	 and	 sound	 transmission	 index	 (Suarez, Sendra,	 	
Navarro	 &	 Leon,	 2004).	 	 In	 order	 to	 clarify	 of	 the	 manner,	
the	 purpose	 of	 this	 study	 is	 also	 to	 evaluate	 and	 predict	 the	
















(Türkiye Diyanet Vakfı [Presidency of Religious Affairs], 2007).	 	 	 	 	 	 	
Architectural Features
Commanding	the	hill	of	Kocatepe,	the	mosque	is	a	modern	




Sultan	Ahmet	Mosque	of	Mehmet	Aga,	 from	 the	 school	 of	
Sinan	the	Architect.
FIGURES
Figure 1. Interior and exterior views from Kocatepe Mosque, Ankara.
Figure 2. 3D display of the mosque.
Figure 3. Plan and elevation view of the source and receiver locations.
Figure 1:  Exterior and interior views of the Kocatepe Mosque, Ankara (Türkiye Diyanet Vakfi, 2007).
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The	main	mosque	has	an	estimated	volume	of	68,696m��	
and	a	floor area of 4,288m². It is 64 x 67m, with a height	 	 	 	 	 	 	 	 	 	 	 	 	
of	48.5m;	the	dome	has	a	diameter	of	25.5m.		There	are	four	
smaller	half	domes	surrounding	the	central	dome.		These	half	
domes	 are	 enlarged	 with	 12	 domes.	 	 The	 main	 dome	 rests	
on	 four	 large	pillars	 (elephant	 feet)	each	with	a	diameter	of	
3	meters.		Unlike	earlier	mosques,	the	elephant	feet	are	only	

























interior	decoration	of	 the	mosque	 are	made	of	 special	 glass	







same	pattern	 seen	 in	 the	Afyon	Ulu	Mosque.	 	The	galleries	
also	have	carpets	that	are	machine-woven	with	special	patterns	
(Türkiye Diyanet Vakfı [Presidency of Religious Affairs],	 	 	 	 	 	 	
2007).
Research Method
Technological	 developments	 provide	 new	 opportunities	 for	
acoustical	design.	 	The	acoustical	 assessment	of	 a	 space	 in	 the	
design	phase	used	to	be	done	with	scale	models	that	are	time-
consuming	and	unpractical.		It	is	now	possible	to	use	computer	
simulation	 to	 analyze	 acoustical	 properties	 prior	 to	 the	 actual	
construction	 of	 a	 building	 and	 acoustical	 design	 can	 become	
an	integral	part	of	the	architectural	design	process.		Computer	
simulation	 has	 proven	 to	 be	 a	 viable	 tool	 in	 designing	 music	
buildings	such	as	concert	halls,	opera	houses,	and	multi-	purpose	




out	 using	 ODEON	 Room	 Acoustics	 Program	 6.05	 software,	









These	 geometries	 are	 dominated	 by	 spherical	 and	 cylindrical	







3382).	 	 This	 study	 shows	 that	 the	 ray	 tracing	 method	 yields	






Two	 omni-directional	 point	 sources	 and	 a	 receiver	 are	
specified	for	each	activity	pattern.		Figures	3	and	4	illustrate	
the	locations	of	the	receiver	and	the	sources.	Source	1	indicates	
the	 mihrab	 and	 Source	 2	 indicates	 the	 minbar.	 	 Which	 is	
activated	depends	on	the	activity.	
FIGURES
Figure 1. Interior and exterior views from Kocatepe Mosque, Ankara.
Figure 2. 3D display of the mosque.
Figure 3. Plan and elevation view of the source and receiver locations.
Figure 2:  3D display of the mosque.
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Different	 materials	 at	 different	 sections	 of	 the	 mosque	
with	 different	 sound	 absorption	 coefficients	 are	 assigned	
(Table	 1).	 	 After	 fixing	 the	 calculation	 parameters,	 the	
selected	 receiver	 surfaces	 are	 divided	 into	 grids	 assigning	
0.96	m²	 for	 each	person	praying	 (Abdou,	2003).	 	 In	order	
to	 get	 the	 results	 of	 different	 acoustical	 parameters	 and	
their	 distribution	 throughout	 the	 mosque,	 the	 maps	 and	
cumulative	distribution	graphs	for	calculated	parameters	are	
obtained	for	these	surfaces.	
The	 process	 is	 repeated	 for	 different	 activities	 taking	
place	 in	 the	 Kocatepe	 Mosque.	 	 First	 reverberation	 time	 is	
measured	in	the	empty	mosque.		The	first	activity	mode	is	the	
prayer	mode;	for	this,	the	source	is	the	imam	at	the	mihrab	
facing	 towards	 the	 mihrab	 set	 at	 a	 height	 of	 0.80m.	 	 For	




for	 Friday	 prayers,	 for	 listening	 to	 the	 Friday	 Speech,	 for	
religious	 days	 and	 festivals.	 	 The	 receiver	 surfaces	 for	 both	
activity	modes	 are	 set	 at	 a	height	of	0.80m,	 approximately	
seating	 level.	 	 For	 the	 two	 different	 activity	 modes,	 music	
and	 speech	 related	 parameters	 are	 analyzed;	 these	 include	
reverberation	 time	 (RT),	 early	 decay	 time	 (EDT),	 clarity	
(C50),	 definition	 (D80),	 speech	 transmission	 index	 (STI),	
lateral	fraction	(LF)	and	strength	(G).
Acoustical Analysis
Reverberation Time (RT) 
Reverberation	 time	 is	 the	 time	 required	 for	 a	 sound	 in	a	
room	to	decay	by	60	dB	after	the	sound	source	has	stopped.	
RT	 is	 the	 basic	 parameter	 that	 should	 be	 calculated	 in	 the	
assessment	 of	 room	 acoustics.	 	 RT	 characterizes	 the	 decay	
of	sound	for	specifying	the	efficiency	of	a	room	in	fulfilling	






purposes.	 	Long	 sound	decay	at	 low	 frequencies	 can	 reduce	
the	intelligibility	of	speech.		For	good	intelligibility,	RT	values	
at	 low	 octave-band	 frequencies	 should	 remain	 flat	 down	 to	
100	 Hz.	 	 At	 low	 frequencies,	 an	 increase	 in	 RT	 values	 of	
around	 10%-20%	 would	 still	 yield	 a	 natural	 sound	 but	 in	
the	case	of	Kocatepe,	the	increase	is	about	50%	in	the	empty	
mosque.	 	The	bass	 ratio,	which	 is	 the	average	RT	at	 low	 to	
mid	 frequencies,	 is	 1.54	 in	 the	 Kocatepe	 Mosque,	 whereas	
the	 optimum	 range	 for	 music	 performances	 is	 1.2	 to	 1.25	




Figure 1. Interior and exterior views from Kocatepe Mosque, Ankara.
Figure 2. 3D display of the mosque.
Figure 3. Plan and elevation view of the source and receiver locations.Figure 3:  Plan and elevation view of the source and receiver locations.
Table 1:  Sound	absorption	coefficients	of	different	materials	used	in	the	Kocatepe	Mosque.
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Smooth concrete 0.01 0.01 0.01 0.02 0.02 0.02 0.05 0.05 0,1
Marble 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0,2
Solid wood panel 0.15 0.15 0.10 0.06 0.08 0.10 0.05 0.05 0,1
Double glazing 0.02 0.02 0.06 0.03 0.03 0.02 0.02 0.02 0,1
Solid wooden door 0.14 0.14 0.10 0.06 0.08 0.10 0.10 0.10 0,1
Prayers-1/1 per m² 0.55 0.55 0.86 0.83 0.87 0.90 0.87 0.87 0,5
Prayers-1/3 per m² 0.10 0.10 0.21 0.41 0.65 0.75 0.71 0.71 0,5
Ceramic tiles 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0,3
Carpet on concrete 0.02 0.02 0.06 0.14 0.37 0.60 0.65 0.65 0,1
Chandelier 0.35 0.35 0.25 0.18 0.12 0.07 0.04 0.04 0,2
Lime plaster 0.04 0.04 0.05 0.04 0.08 0.04 0.06 0.06 0,1
Table 2. Relation between scores of speech transmission quality and STI (RASTI).
Quality Score STI (RASTI) value
Bad 0 to 0.32
Poor 0.32 – 0.45
Fair 0.45 – 0.60
Good 0.60 – 0.75
Excellent 0.75 to 1.0
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For	 the	 first	 activity	 mode,	 the	 prayer	 mode	 in	 a	 one	
third	 full	 mosque,	 the	 global	 estimation	 results	 show	 that	
the	mosque	has	an	RT1/3occ	of	4.35	s.	at	the	mid	frequencies.	
For	the	second	activity	mode,	the	preacher-recital	mode	in	a	
full	mosque,	RT3/3occ	is	3.19s	at	 the	mid	 frequencies	 (Figure	





detrimental	 to	 the	 intelligibility	of	 speech	 (Kuttruff,	1991).	
The	 values	 obtained	 are	 unsatisfactory	 for	 both	 music	 and	
speech.		A	positive	point	worth	mentioning	is	that	the	sound	







duration	 reverberation	 time	 becomes	 more	 controlled.	 	 In	
these	 conditions,	 RT3/3occ	 is	 satisfactory	 for	 liturgical	 music	
underneath	 the	 main	 and	 secondary	 domes	 and	 there	 are	
almost	no	echo	spots,	despite	the	huge	concave	surface	above.	
This	 results	 from	 the	 dimensions	 of	 the	 domes	 and	 their	
heights	above	the	floor.		When	the	main	dome	is	completed	to	
a	sphere,	it	is	far	above	the	receiver	surfaces.		Therefore,	none	
of	 the	 receiver	 surfaces	 is	 within	 this	 problematic	 focusing	
volume.





Figure 4. 3D view of the source and receiver locations.Figure 4:  3D view of the source a d receiver locations.
Figure 5:  Calculated values for RTunocc and RT1/3occ and RT3/3occ 
for frequencies from 125 to 4000 Hz, shaded area: optimum RT 
(Egan 1994).
3
125 Hz 250 Hz 500 Hz 1 kHz 2 kHz 4 kHz
RTunocc 17.1 12.4 9.43 5.54 3.78 2.50
RT1/3occ 11.99 7.65 3.11 3.60 2.99 2.21
RT3/3occ 5.45 3.38 3.35 3.04 2.74 2.03
Figure 5. Calculated values for RTunocc and RT1/3occ and RT3/3occ for frequencies from 125 to
4000 Hz, shaded area: optimum RT (Egan, 1994).
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125 Hz 250 Hz 500 Hz 1 kHz 2 kHz 4 z
RTunocc 17.1 12.4 9.43 5.54 3.78 2.50
RT1/3occ 11.99 7.65 3.11 3.60 2.99 2.21
RT3/3occ 5.45 3.38 3.35 3.04 2.74 2.03
Figure 5. Calculated values for RTunocc and RT1/3occ and RT3/3occ for frequencies from 125 to
4000 Hz, shaded area: optim m RT (Egan, 1994).
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EDT	 should	 not	 be	 higher	 than	 ±10%	 for	 good	 acoustics.	
For	liturgical	purposes,	EDT	should	be	between	2.7	and	3.85	
s	(Templeton,	1993).	
For	 the	 first	 activity	 (i.e.	 the	 1/3	 full	 prayer	 mode),	
EDT1/3occ	 is	 6.3	 s	 and	 for	 the	 second	 activity	 (i.e.	 the	 full	
preacher-recital	 mode),	 EDT3/3occ	 is	 4.4	 s	 (see	 Appendix	 B.	






considering	 their	 relatively	 small	 modeled	 size,	 there	 is	 still	
a	proper	amount	of	diffusion	in	the	mosque	that	eliminates	
hot	and	dead	spots	and	provides	even	distribution	of	sound	





Clarity	 is	 defined	 technically	 as	 the	 ratio	 of	 early	 sound	
energy	 (arriving	 within	 80	 ms	 of	 direct	 sound)	 to	 late	 or	
reverberant	 sound	 energy	 (arriving	 more	 than	 80	 ms	 after	
the	 direct	 sound).	 	 This	 quality	 characterizes	 the	 separation	






















In	 the	first	 activity	mode,	D501/3occ	 is	 above	30%;	 in	 the	
second	activity	mode,	D503/3occ	varies	between	22%	and	50%	
(see	 Appendix	 M4).	 	 D501/3occ	 and	 D503/3occ	 are	 acceptable	













LF3/3occ	 values	 are	 above	0.30	 (see	Appendix	B.	M5).	 	 Better	
values	are	expected	at	points	closer	to	the	wall	 surfaces.	 	The	
worst	 place	 in	 terms	 of	 LF1/3occ	and	 LF3/3occ	 is	 underneath	 the	
main	dome.		LF3/3occ			is	better	near	the	sidewalls,	and	around	
the	muezzin	platform.
Speech Transmission Index (STI) 
STI	 is	 directly	 related	 to	 speech.	 	To	 ensure	 good	 speech	






0.60,	 which	 is	 considered	 a	 good	 class	 (see	 Appendix	 M6).	
The	results	show	that	there	is	an	even	distribution	of	STI1/3occ	
throughout	the	mosque.	 	At	 locations	 just	around	the	source	
or	 imam,	better	values	 are	 seen.	 	Enclosed	buildings	of	 large	
volume	are	not	designed	for	optimal	 speech	communication,	
so	these	results	are	satisfactory	considering	the	volume	of	the	
mosque,	 STI3/3occ	 results	 are	 even	 better,	 indicating	 that	 the	














show	 that	 sound	 distribution	 is	 satisfactory	 underneath	 the	
main	dome	and	even	under	the	smaller	domes	(see	Appendix	




























Smooth concrete 0.01 0.01 0.01 0.02 0.02 0.02 0.05 0.05 0,1
Marble 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0,2
Solid wood panel 0.15 0.15 0.10 0.06 0.08 0.10 0.05 0.05 0,1
Double glazing 0.02 0.02 0.06 0.03 0.03 0.02 0.02 0.02 0,1
Solid wooden door 0.14 0.14 0.10 0.06 0.08 0.10 0.10 0.10 0,1
Prayers-1/1 per m² 0.55 0.55 0.86 0.83 0.87 0.90 0.87 0.87 0,5
Prayers-1/3 per m² 0.10 0.10 0.21 0.41 0.65 0.75 0.71 0.71 0,5
Ceramic tiles 0.01 0.01 0.01 0 01 0.02 0.02 0.02 0.02 0,3
Carpet on concrete 0.02 0.02 0.06 0.14 0.37 0.60 0.65 0.65 0,1
Chandelier 0.35 0.35 0.25 0.18 0.12 0.07 0.04 0.04 0,2
Lime plaster 0.04 0.04 0.05 0.04 0.08 0.04 0.06 0.06 0,1
Table 2. Relation be en scores of speech transmission quality and STI (RASTI).
Quality Score STI (RASTI) value
Bad 0 to 0.32
Poor 0.32 – 0.45
Fair 0.45 – 0.60
Good 0.60 – 0.75
Excellent 0.75 to 1.0
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Conclusion









is	 excessive	 reverberation	 and	 a	 high	bass	 ratio	 in	 the	 empty	
mosque.	 	 However,	 a	 flat	 distribution	 of	 reverberation	 on	
frequency	 is	 important	 for	 intelligibility	of	 speech,	 regardless	
of	volume;	sound	absorption	should	be	balanced	for	different	
frequencies.	 	 Ancient	 mosques	 achieved	 this	 bass	 balance	 by	
special	acoustical	treatments	such	as	cavity	resonators	(Kayili,	
2005)
Excessive	 reverberation	 may	 arise	 when	 the	 walls	 and	 the	











defect	 is	 overcome	 by	 the	 proportions	 and	 locations	 of	 the	
domes	(Prodi	&	Marsilio,	2003;	Utami,	2005).		As	the	main	







2007;	 Kayili,	 2005;	 Topaktas,	 2003).	 	 Except	 for	 cavity	




dome	 and	 columns,	 the	 ornamentation	 on	 the	 mihrab,	




with	 concrete	 domes	 have	 a	 greater	 tendency	 to	 keep	 and	
enhance	 the	 low	 frequency	 sounds	within	 the	 audience	 area.	









However	 considering	 the	 feasibility	 of	 Helmholtz	 resonators	
within	 big	 spaces	 such	 as	 mosques,	 the	 authors	 would	 like	
to	 introduce	 micro-perforated	 panel	 absorbers	 to	 be	 studied	
more	 comprehensively	 in	 future	 applications	 and	 studies	 of	
mosque	acoustics.		This	new	technology	uses	the	same	physics	
principals	 as	Helmholtz	 resonators	 in	 substantial	 attenuation	
of	 low	frequencies,	while	keeping	the	high	frequencies	 in	the	
desired	ranges.		The	architectural	approach	and	feeling	of	the	
spaces	 could	 then	 be	 combined	 with	 the	 new	 technological	





style	 reinforced	 concrete	 dome	 typology	 in	 mosque	 acoustics	
and	 architecture.	 	The	 acoustic	 simulations	demonstrated	 that	
this	mosque	typology	has	strong	aesthetic	features	but	moderate	
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Calculated parameters distribution maps for different activity patterns
M1. Reverberation time distribution maps for 500 Hz, source at mihrab and minbar.




M1:  ) Reverberation t me distribution maps for 500 Hz source at mihrab, 
b) Reverberation time distribution maps for 500 Hz source at minbar.
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M3. Clarity distribution map for 500 Hz, source at mihrab and minbar.
M4. Definition distribution map for 500 Hz, source at mihrab and minbar.
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APPENDIX
Calculated parameters distribution maps for different activity patterns
M1. Reverberation time distribution maps for 500 Hz, source at mihrab and minbar.
M2. Early decay time distribution maps for 500 Hz, source at mihrab and minbar.
6
M3. Clarity distribution map for 500 Hz, source at mihrab and minbar.
M4. Definition distribution map for 500 Hz, source at mihrab and minbar.
M2:  ) Early decay time distribution maps for 500 Hz source at mihrab,
b) Early decay time distribution maps for 500 Hz source at minbar.   
M3:  a) Clarity distribution map f r 500 Hz, source at mihrab, 
b) Clarity distribution map for 500 Hz, source at minbar.
M4:  a) Definition distribution map for 500 Hz, source at mihrab, 
b) Definition distribution map for 500 Hz, source at minbar.
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M5. Lateral fraction distribution map for 500 Hz, source at mihrab and minbar.
M6. Speech transmission index distribution map, source at mihrab and minbar.
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M5. Lateral fraction distribution map for 500 Hz, source at mihrab and minbar.
M6. Speech transmission index distribution map, source at mihrab and minbar.
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M7. Strength distribution map, source at mihrab and minbar.
M5:  a) Lateral fraction distribution map for 500 Hz, source at mihrab, 
b) Lateral fraction distribution map for 500 Hz, source at minbar.
M6:  a) Speech transmission index distribution map, source at mihrab, 
b) Speech transmission index distribution map, source at minbar.
M7:  a) Strength distribution map, source at mihrab, 
b) Strength distribution map, source at mihrab.
